Introduction
============

Children with cerebral palsy (CP) may show atypical body posture patterns, which may be the effect of functional strategies to compensate for an abnormal capacity to modulate subtle postural activity.[@b1-tcrm-10-113]--[@b4-tcrm-10-113] These abnormal postural patterns are commonly the result of two interacting mechanisms: a primary deficit caused by early brain damage and a subsequent compensation caused by postural instability. Some studies have indicated that disorders of body posture in children with CP do not necessarily arise from impairments of the posture control system itself, but could be the effect of other unique pathophysiological factors, including neurological components (paresis and paralysis) or peripheral compensatory components.[@b5-tcrm-10-113]--[@b8-tcrm-10-113]

Some research suggests that, although children with CP have an intact basic level of postural control, they demonstrate inadequacies in the fine-tuning of motor activity;[@b5-tcrm-10-113],[@b7-tcrm-10-113],[@b9-tcrm-10-113] however, results of other studies indicate that CP is associated with poor timing of muscle response (greater latencies); failure to utilize appropriate control strategies in recovery (decreased use of ankle strategies, increased use of on-toes posturing); disordered muscle activation sequences; an inability to enhance the amplitude of muscle response when balance is threatened; and inflexible co-contraction of agonist and antagonist muscles.[@b10-tcrm-10-113]--[@b14-tcrm-10-113] Furthermore, children with CP tend to have impaired coordination of movement, reduced between-limb synchronization, and less weight-bearing on the affected side, which in turn can cause problems with maintaining upright weight-bearing position and gait.[@b8-tcrm-10-113],[@b9-tcrm-10-113]

In a previous study, which presented a descriptive analysis of abnormal postural patterns in children with hemiplegic CP, a few different strategies for maintaining upright standing posture were observed.[@b15-tcrm-10-113] Continuing the observation in the previous study, we reported body posture asymmetry differences between children with mild scoliosis and children with hemiplegia.[@b16-tcrm-10-113] Based on the results of both previous studies, we hypothesized that children with unilateral CP present different body posture patterns.

Moiré topography (MT), a simple technique for three-dimensional (3D) quantitation, has been used to provide interference photographs of the human back with sufficient accuracy to be used for describing body posture.[@b17-tcrm-10-113]--[@b21-tcrm-10-113] The moiré phenomenon is caused by the appearance of shadows produced by light shining through a screen of thin, parallel strings. Its use in measuring deformity of the body surface was introduced by Takasaki in 1970.[@b18-tcrm-10-113] The currently used methods are based on computerized image-capturing and are digitally calculated.[@b21-tcrm-10-113] The surface topography software provides 3D viewing from arbitrary viewpoints, thus facilitating both quantitative 3D information and interactive exploratory analysis of the 3D shape of the back. For MT examination, it is necessary to mark particular anatomical landmarks. The Society on Scoliosis Orthopedic and Rehabilitation Treatment (SOSORT) Consensus and Statement and Guidelines suggest ten such points ([Figure 1A](#f1-tcrm-10-113){ref-type="fig"}).[@b22-tcrm-10-113]

Based on these SOSORT points, many indices are created, which are computed in each of three planes and give objective (measurable) values of human body posture. The coronal plane is the major plane for measuring back deformity, since it is related to Cobb angle. Since Cobb angle can be obtained only with X-ray measurements, back surface indices were created to simulate the Cobb angle.[@b22-tcrm-10-113] Such indices include: spinous process line inclination (SP); angle of vertebral lateral curvature (ALC); shoulder line inclination; pelvic line inclination (PL); and Posterior Trunk Symmetry Index. The transverse plane is the second major plane for measuring back deformity. The major indices used with reference to this plane are the angles of rotation, such as: angle of trunk rotation; angle of shoulder rotation (SHR); and angle of pelvic rotation. The sagittal plane is the least-used plane regarding to back deformity. There exist few indices that are computed in this plane. Indices measured on the sagittal plane refer to the location and magnitude of the maximum kyphosis and lordosis.

The good repeatability of MT examination was reported by Chowańska et al in 2012.[@b17-tcrm-10-113] The study of Ruggerone and Austin[@b19-tcrm-10-113] reported high correlation between moiré angle analysis and radiographic analysis of spinal curvature, confirming the results of a previous study by Benoni and Willner.[@b20-tcrm-10-113]

The purpose of the present study was to define different postural patterns in children with unilateral CP, using MT parameters.

Materials and methods
=====================

The Silesian Medical University Bioethics Committee, Katowice, Poland approved this study. All parents/guardians of participants gave written informed consent before data collection began.

Subjects
--------

Forty-five outpatients with unilateral CP (17 girls and 28 boys) and deficits on the right side (29 patients) or left side (16 patients) were included in the study. The mean patient age was 9 years and 5 months (range: 7 years, 4 months to 12 years, 2 months). All participants were independently functioning outpatients (levels I or II on the Gross Motor Function Classification System)[@b23-tcrm-10-113] at local pediatric rehabilitation centers. The following selection criteria were applied: diagnosis of unilateral CP (hemiplegia); older than 7 years of age; able to stand without assistive devices; level I or II on the Gross Motor Function Classification System and no previous surgical procedures. The exclusion criteria were previous orthopedic surgery or dislocation of the hip.

Methods
-------

Our study consisted of two interrelated parts:

1.  MT examination; and

2.  pedobarographic measurements of the distribution of body mass between the body sides.

### Testing procedure

#### MT examination

Two of the authors, experienced physical therapists, performed MT examination using a CQ Elektronik System (Czernica, Poland) device. For the MT examination, it was necessary to uncover the whole surface of the back and to mark the anatomical landmarks (see [Figure 1](#f1-tcrm-10-113){ref-type="fig"}). MT was performed while the child stood quietly with open eyes. During the examination, the light was turned off, and the projection angle was 90°, which meant that the camera was placed perpendicular to the measured surface. Forty-millisecond images of the back were captured with a charge-coupled device camera. The recording of a sequence of images required 5 to 15 seconds per image ([Figure 1](#f1-tcrm-10-113){ref-type="fig"}). The image that was most characteristic of the child was chosen for further analysis by each expert. The arithmetic mean of their assessments was recorded. The accuracy of their evaluations was then analyzed. The analysis of moiré topograms began from calculating MT indices in each of the three planes ([Table 1](#t1-tcrm-10-113){ref-type="table"}). All these values were automatically registered with the dedicated CQ-PlecyUSB software.

#### Pedobarographic measurements

In addition, an analysis of the weight distribution on the base of support between the affected and unaffected body sides was conducted simultaneously ([Figure 1](#f1-tcrm-10-113){ref-type="fig"}). A force plate pressure distribution measurement system PDM-S (zebris Medical GmbH, Isny, Germany) with Foot Print version 1.0 software was applied to obtain these types of pedobarographic measurements. Each measurement was recorded three times (three trials, each lasting for 30 seconds with a 30-second pause between trials), and the average value for the calculation of the asymmetry index (AI) was used for further analysis.

Statistical analysis
--------------------

Based on the AI (differences of weight distribution on the unaffected/affected body sides), one subgroup of symmetrical weight-bearing hemiplegics (AI \<10%) and four subgroups of asymmetrical weight-bearing (AI ≥10% or AI \>10%) hemiplegics were created. The latter were:

-   left side hemiplegic with tendency to overload the affected body side (LL);

-   right side hemiplegic with tendency to overload the affected body side (RR);

-   left side hemiplegic with tendency to overload the unaffected body side (LR); and

-   right side hemiplegic with tendency to overload the unaffected body side (RL).

Ten MT examination parameters were originally defined for each subject. Because of the high dimensionality of the postural analysis data and the parameter correlations, a data reduction technique, factor analysis (six factors extracted), was used as the input for the nonhierarchical k-means clustering.[@b24-tcrm-10-113] Four clusters were defined. The mean and standard deviation (SD) of each parameter was calculated for the total group and for each of the four clusters. All data were compared between subgroups. An analysis of variance (Tukey's post hoc test) was used to detect the differences in the MT examination parameters between the four clusters. Only differences that were significant (*P*\<0.05) between the clusters were described and discussed.

Intraclass correlation coefficient with 95% confidence interval was used to measure overall intra- and interobserver agreement. Interobserver agreement was calculated separately for each MT and pedobarographic measurement parameter, based on two examinations, performed by the same two researchers, of ten subjects (20 examinations in total); interobserver agreement was calculated. For the analysis, mean intraclass correlation coefficient values of 0.80 and above reflected excellent reliability; those between 0.70 and 0.79 indicated good reliability; and those below 0.70 reflected poor-to-moderate reliability.

Results
=======

AI of weight distribution between the unaffected and affected body side in each participant was calculated.[@b16-tcrm-10-113] AI was, on average, 6.96%±28.48% (range: −38% to 46%). The data for the asymmetrical weight-bearing subgroups were as follows:

-   RL: n=16 (36%);

-   LL: n=10 (22%);

-   RR: n=13 (29%); and

-   LR: n=6 (13%).

Using a data reduction technique, four grouping variables were extracted: SP, PL, shoulder line inclination, and ALC. According to the cluster analyses results, 19 (42.22%) participants were classified in cluster 1, while seven (15.56%) were included in cluster 2; nine (20.00%) in cluster 3; and ten (22.22%) in cluster 4 ([Table 2](#t2-tcrm-10-113){ref-type="table"}). There appeared to be some major differences between the means of the various clusters for each variable, which are shown in [Table 3](#t3-tcrm-10-113){ref-type="table"}. [Table 4](#t4-tcrm-10-113){ref-type="table"} shows the *F*-values and significance levels, and that all mean differences are significant.

In our cohort of children with unilateral CP, we identified four clusters ([Table 2](#t2-tcrm-10-113){ref-type="table"}):

-   cluster 1 was predominantly characterized by subgroup RL (n=14 from a total of 16 subjects);

-   cluster 2 was predominantly characterized by subgroup LL (n=5 from a total of ten subjects);

-   cluster 3 was predominantly characterized by subgroup RR (n=9 from a total of 13 subjects); and

-   cluster 4 was predominantly characterized by subgroup LR (n=6 from a total of six subjects).

Clusters 2 and 3 were characterized by postural patterns with a tendency toward weight-bearing on the affected body sides, while clusters 1 and 4 were characterized by postural patterns with a tendency to overload the unaffected body sides ([Table 2](#t2-tcrm-10-113){ref-type="table"}). All four clusters presented characteristic spatial relations of the shoulder rotation, pelvic inclination, and type of scoliosis. Clusters 1 and 4 were defined by the following characteristics:

-   SP: spine inclination on the unaffected side;

-   PL: pelvis obliquity up on the affected side; and

-   SHR: shoulder external rotation on the affected side.

Clusters 2 and 3 were defined by the following factors:

-   SP: spine inclination on the affected side;

-   PL: pelvis obliquity down on the affected side; and

-   SHR: shoulder internal rotation on the affected side.

Tukey's post hoc tests revealed that the ALCs were statistically significantly larger in clusters 1 and 4 versus clusters 2 and 3, while there were no significant differences between clusters 1 and 4, and between clusters 2 and 3.

Based on the aforementioned relationships, two types of compensatory postural patterns in children with unilateral CP were defined:

-   the anti-gravitational compensatory postural pattern (AGPP), characterized by cluster 1 and cluster 4 together; and

-   the pro-gravitational compensatory postural pattern (PGPP), characterized by cluster 2 and cluster 3 together.

Discussion
==========

This study confirmed that, despite the apparent similarities in children with unilateral CP, their postural patterns do differ. The cluster analysis showed that two basic postural patterns (PGPP and AGPP) are present in children with unilateral CP. The differences between PGPP and AGPP included not only the characteristic weight-bearing on the unaffected or affected body sides, but also clear differences in spine, pelvis, and shoulder girdle orientation. In the AGPP children, the pelvis expressed obliquity up on the affected side, while, in the PGPP children, the opposite pattern (ie, pelvis obliquity down) was present. Two opposing patterns were noted in the shoulder girdle rotation, as well. External rotation (backward on the affected side) was more typical for the AGPP children, and internal rotation (forward on the affected side) was more typical for PGPP children. In most (84%) of the examined children, lateral spinal curvature was noted. All children with AGPP showed convexity towards the unaffected side, while, in the children with PGPP, this was toward the affected side. Importantly, in children with AGPP, the affected side was the under-loaded side, while, in children with PGPP, it was the overloaded side. Additionally, we observed that S-type curvature was more characteristic in the children expressing PGPP (76%), while C-type scoliosis predominated in the AGPP children (67%). Moreover, the observed in PGPP S-scoliosis have far greater values of lateral curvature angle than analogical C- scoliosis in AGPP. This finding proves that overloading of the affected body side in children presenting PGPP can be a serious risk factor for asymmetry and scoliosis progression. In more severe deformations related to scoliosis, decreasing of lung capacity and decreased pulmonary efficiency can occur. On the other hand, for children with the AGPP characteristic, the pelvic hike was on the affected side (hemipelvis up) and there was excessive ankle plantar flexion (equines). These can be caused by an impaired body image, gastrocnemius spasticity/contracture, or pathological synergistic activity. Excessive plantar flexion can be a reason for some gait errors, such as toe-walking or inadequate dorsiflexion for the foot in swing. Our findings suggest that postural pattern can not only cause gait disturbances, but also affect walking energy consumption in different ways in children with AGPP and PGPP. The postural pathology characteristic of all children with hemiplegia should be addressed, as it influences the overall functional efficacy of these patients.

To our knowledge, this study is the first examination of body posture in a cohort of children with unilateral CP, based on the measurable surface topography method including MT measurement. Dividing participants into four subgroups based on the hemiplegic side and tendency to overload the unaffected or affected body side was an important outcome goal of our analyses. In calculation of MT indices, plus (+) and minus (−) are used to characterize the indices in terms of direction of inclination or rotation (see SP, ALC, SHR, and PL). Therefore, the average of indices of children with left and right hemiplegia and tendency to overload the affected body side did not show any real value of disturbance because the average from positive and negative values can be zero and indicates the lack of disturbances. It can be the same in cases of children with left and right hemiplegia and tendency to overload the unaffected body side. Therefore four (rather than two) clusters defined for the cluster analysis, what was an important point of presented analyses because the values of indices depend on both hemiplegic side, and weight-bearing on the unaffected or affected body sides. The breakdown of the material for four subgroups also strongly modified the results of the analyses. We demonstrated that there is a potential danger in using surrogate measures as the only or primary outcome measure in body posture analysis in children with CP. The weight-bearing measures and MT indices may be of limited value in children with CP when used separately.

Although many studies report postural problems in children with CP who can stand and walk, including postural dysfunction in the adjustment adaptation;[@b8-tcrm-10-113],[@b25-tcrm-10-113] problems with postural control when standing, walking, or running;[@b26-tcrm-10-113],[@b27-tcrm-10-113] and anticipatory and compensatory postural adjustments when sitting or standing,[@b26-tcrm-10-113],[@b28-tcrm-10-113],[@b29-tcrm-10-113] there have been no reports by other authors of body posture examination in children with hemiplegia. For this reason, we cannot present our results in relationship to other studies.

This study offers some evidence that two different postural patterns may exist among hemiplegic children and that each of these can cause different additional functional problems. An understanding of this could help all specialists involved in postural management to predict the types and degrees of postural disturbance before they become established. This, in turn, will facilitate earlier intervention aimed at counteracting the asymmetrical postural deformities. Knowledge of the AGPP and PGPP patterns can be helpful when making decisions during early therapy, including deciding which of the mechanisms of postural compensation must be activated, which mechanisms must be facilitated, which mechanisms must be modified, and, finally, which mechanisms must be inhibited. Scientific evidence of the benefits of body posture analysis in children with CP remains, however, insufficient and follow-up studies are required.

Conclusion
==========

The present study shows that, despite apparent similarities, postural patterns in children with unilateral CP differ. Based on the presented findings, we identified and defined two compensatory postural patterns in children with unilateral CP: AGPP and PGPP. Additionally, we described the basic differences between AGPP and PGPP, which can be used to develop guidelines for the differentiation, management, and treatment of children with unilateral CP.

Because the results of the current study are promising, these findings will be further explored in another series of studies. In these upcoming studies, we will explore motor skill and functional efficiency (eg, example gait patterns, walking energy consumption, and pulmonary efficiency) differences between hemiplegic children with AGPP and PGPP.
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![Moiré topography examination and pedobarographic measurements of the distribution of body mass between the body sides.\
**Notes:** (**A**) Example of complex moiré fringe image of the subject's back. Anatomic landmarks used for back surface measurements were those suggested by the society on Scoliosis Orthopedic and Rehabilitation Treatment (SOSORT).[@b22-tcrm-10-113] 2: Spinous process of C7; 8: spinous process of L4, 0, 4: acromial angle of shoulders; 1, 3: superior angle of scapulae; 5, 6: inferior angle of scapulae; 7, 9: posterior superior iliac spine. (**B**) Examples of graphical representation of weight distribution in percentage between the unaffected and affected body sides while in quiet standing condition.\
**Abbreviations:** C7, seventh cervical vertebra; L4, fourth lumbar vertebra.](tcrm-10-113Fig1){#f1-tcrm-10-113}

###### 

Definitions of the outcome measures collected from MT examination

  MT index   Definition                                                                                                                                                     Measurement
  ---------- -------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  SP         The angle of inclination contained between two adjacent lines: a line situated within the sagittal plane and a line of spinous processes from C7 through S1.   If the line of spinous processes or apex of the lateral curve is on the right side of the vertical line, the value of SP and ALC ranges from 0° to 180°. If the SP or apex of the lateral curve is on the left side of the vertical line, the index value ranges from −180° to 0°.
  ALC        The angle of vertebral lateral curvature.                                                                                                                      
  SHL        The angle of inclination contained between two adjacent lines: a line situated within the sagittal plane and a line connecting bilateral AAOS.                 The angle of inclination is contained between two adjacent lines: a line situated within the horizontal plane and a line connecting the SAOS and the PSIS lying on the back surface. This line is situated symmetrically on the left and right sides; the angle has a value ranging from −180° to 0° when the right AAOS or PSIS is higher than that of the left or from 0° to 180° when the left AAOS or PSIS is higher than that of the right.
  PL         The angle of inclination contained between two adjacent lines: a line situated within the sagittal plane and a line connecting bilateral PSIS.                 
  D~max~     The maximum of the horizontal distances measured from the vertical line to the SP (mm).                                                                        The angle of surface rotation is contained between two adjacent lines: a line situated within the frontal plane and a line that connects two points on the back surface, and is situated symmetrically on the left and right sides of the bilateral IAOS, AAOS, or the PSIS. The angle of rotation values range from 0° to 180° if the right IAOS, AAOS, or the PSIS are rotated far forward and ranges from −180° to 0° in the opposite case.
  ATR        The angle of trunk rotation.                                                                                                                                   
  SHR        The angle of shoulder rotation.                                                                                                                                
  PR         The angle of pelvic rotation.                                                                                                                                  
  K~max~     The magnitude of the maximum kyphosis (mm).                                                                                                                    These indices refer to the location and the magnitude of the maximum kyphosis and lordosis.
  L~max~     The magnitude of the maximum lordosis (mm).                                                                                                                    

**Abbreviations:** AAOS, acromial angle of the shoulders; ALC, angle of vertebral lateral curvature; ATR, angle of trunk rotation; C7, seventh cervical vertebra; D~max~, maximum of the horizontal distances measured from the vertical line to the SP (mm); IAOS, inferior angle of the scapula; K~max~, magnitude of maximum kyphosis; L~max~, magnitude of maximum lordosis; MT, moiré topography; PL, pelvic line inclination; PR, angle of pelvic rotation; PSIS, posterior superior iliac spine; S1, first sacral vertebra; SAOS, superior angle of the scapula; SHL, shoulder line inclination; SHR, angle of shoulder rotation; SP, spinous process line inclination.

###### 

Nonhierarchical k-means clustering

  Subgroup   Cluster 1   Cluster 2   Cluster 3   Cluster 4   Total
  ---------- ----------- ----------- ----------- ----------- --------
  RR                                                         
   N         0           0           9           4           13
   %         0.00        0.00        100.00      40.00       28.89
  RL                                                         
   N         14          2           0           0           16
   %         73.68       28.57       0.00        0.00        35.56
  LR                                                         
   N         0           0           0           6           6
   %         0.00        0.00        0.00        60.00       13.33
  LL                                                         
   N         5           5           0           0           10
   %         26.32       71.43       0.00        0.00        22.22
  Total                                                      
   N         19          7           9           10          45
   %         42.22       15.56       20.00       22.22       100.00

**Abbreviations:** RR, right side hemiplegic with tendency to overload the affected body side; RL, right side hemiplegic with tendency to overload the unaffected body side; LR, left side hemiplegic with tendency to overload the unaffected body side; LL, left side hemiplegic with tendency to overload the affected body side.

###### 

Parameter data

  MT index   Cluster       Mean      N            SD            Minimum       Maximum
  ---------- ------------- --------- ------------ ------------- ------------- ---------
  SP (°)     1             −4.584    19           5.265         −11.300       3.500
  2          **−3.671**    **7**     **5.676**    **−11.900**   **3.600**     
  3          **9.889**     **9**     **2.824**    **5.200**     **13.400**    
  4          3.190         10        3.924        −0.700        10.200        
  Total      **0.180**     **45**    **7.337**    **−11.900**   **13.400**    
  PL (°)     1             9.300     19           4.266         −0.700        14.300
  2          **7.971**     **7**     **4.081**    **2.100**     **13.100**    
  3          **−6.300**    **9**     **7.045**    **−13.800**   **10.600**    
  4          −9.930        10        3.293        −13.900       −4.100        
  Total      **1.700**     **45**    **9.797**    **−13.900**   **14.300**    
  SHR (°)    1             −11.089   19           10.354        −31.000       2.200
  2          **3.529**     **7**     **10.713**   **−16.600**   **15.900**    
  3          **4.167**     **9**     **3.957**    **−0.700**    **10.600**    
  4          8.670         10        5.356        0.000         18.000        
  Total      **−1.373**    **45**    **11.917**   **−31.000**   **18.000**    
  ALC (°)    1             178.084   19           3.260         169.900       180.000
  2          **172.620**   **10**    **4.085**    **165.500**   **180.000**   
  3          **160.311**   **9**     **5.396**    **152.700**   **167.600**   
  4          173.157       7         5.887        162.800       180.000       
  Total      **172.549**   **45**    **7.855**    **152.700**   **180.000**   

**Note:** Bold font indicate cluster 2 and 3, which represent PGPP; while cluster 1 and 4 (not bold) represent AGPP.

**Abbreviations:** ALC, angle of vertebral lateral curvature; MT, moiré topography; PL, pelvic line inclination; SD, standard deviation; SHR, angle of shoulder rotation; SP, spinous process line inclination.

###### 

Differences between the means of the various MT parameter clusters (ANOVA)

  MT index        Comparison       Sum of squares   df   Mean square   *F*      *P*
  --------------- ---------------- ---------------- ---- ------------- -------- -------
  SP (°)          Between groups   1,474.055        3    21.822        22.517   0.001
  Within groups   491.352          41                                           
  Total           894.657          44                                           
  PL (°)          Between groups   3,301.325        3    22.489        48.932   0.001
  Within groups   1,100.442        41                                           
  Total           922.055          44                                           
  SHR (°)         Between groups   3,246.775        3    73.216        14.782   0.001
  Within groups   1,082.200        41                                           
  Total           3,001.853        44                                           
  ALC (°)         Between groups   1,046.310        3    23.798        14.655   0.001
  Within groups   348.770          41                                           
  Total           975.738          44                                           

**Abbreviations:** ALC, angle of vertebral lateral curvature; ANOVA, analysis of variance; df, degrees of freedom; MT, moiré topography; PL, pelvic line inclination; SHR, angle of shoulder rotation; SP, spinous process line inclination.
